The need for new safe and efficacious therapies has led to an increased focus on biologics 2 produced in mammalian cells. The human cell line HEK293 has bio-synthetic potential 3 for human-like production and is today used for manufacturing of several therapeutic pro-4 teins and viral vectors. Despite this increasing popularity there is still limited knowledge 5 of the detailed genetic and composition of derivatives of this strain. Here we present a 6 genomic, transcriptomic and metabolic gene analysis of six of the most widely used 7 HEK293 cell lines. Changes in gene copy and expression between industrial progeny cell 8 lines and the original HEK293 were associated with cellular component organization, cell 9 motility and cell adhesion. Changes in gene expression between adherent and suspension 10 derivatives highlighted switching in cholesterol biosynthesis and expression of five key 11 genes (RARG, ID1, ZIC1, LOX and DHRS3), a pattern validated in 63 human adherent 12 or suspension cell lines of other origin.
Introduction 1
The production of protein therapeutics is a fast-growing field as it allows for the 2 generation of sophisticated molecules with high specificity and activity in hu-3 mans (Leader et al., 2008 )(Bandaranayake and Almo, 2014)(Alex Philippidis, 4 2017; Walsh, 2014)(Alex Philippidis, 2017; Walsh, 2014) . The need for proper 5 protein folding and glycosylation of therapeutic proteins has promoted their 6 production in mammalian cells, especially Chinese hamster ovary (CHO), but also 7 human cells such as HEK293 (Zhu et al., 2012) (Dumont et al., 2016 ) (Priola et al., 8 2016; Sanchez-Garcia et al., 2016; Walsh, 2014) . Even though CHO is the most 9 common mammalian cell factory used for production of advanced recombinant 10 proteins, there is an increasing demand for improved and more efficient biopro-11 duction platforms. With an increasing number of difficult-to-express proteins 12 including next-generation biologics, such as bispecific antibodies and antibody-13 drug conjugates, entering clinical development, alternative or engineered ex- 14 pression hosts are being explored. For instance, extensive omics profiling of the 15 CHO cell has been carried out during recent years (Wlaschin et al., 16 2005) ( as convenient expression hosts for proteins with specific requirement for human 22 post-translational modifications (Dumont et al., 2016 ) (Lalonde and Durocher, 23 2017). 24 25 The human cell line HEK293 is the most commonly utilized human cell line for 26 expression of recombinant proteins for various research applications. This cell 27 line originated from the kidney of an aborted human female embryo and was 28 originally immortalized in 1973 by the integration of a 4 kbp adenoviral 5 (Ad5) 29 genome fragment including the genes encoding the E1A and E1B proteins, at 30 chromosome 19 (Graham et al., 1977 ) (Louis et al., 1997) . The expression of E1A 31 and E1B enable continuous culturing of HEK293 cells by inhibiting apoptosis and 32 interfering with transcription and cell cycle control pathways (Berk, 2005) . In 33 addition, since E1A and E1B are essential helper factors for adeno associated vi-34 rus (AAV) production, the continuous expression of these genes makes HEK293 35 cells attractive production hosts for recombinant AAV particles (Clément and 36 Grieger, 2016).. The genomes and transcriptomic profiles of six different HEK293 37 cell lines were recently mapped, confirming previous observations of a pseudo- 38 triploid genome with the adenoviral DNA inserted on chromosome 19 (Y. C. Lin 39 et al., 2014)(Bylund et al., 2004) (Louis et al., 1997 ). Furthermore, it was shown 40 that standard laboratory culturing of the cell lines in most cases did not change 41 the overall genomic composition of the cells although the organization of the 42 HEK293 genome is continuously evolving through the events of chromosomal 43 translocations and copy number alterations (Y. C. Lin et al., 2014) . However, the 1 chromosome number of HEK293 cells derived from different commercial 2 sources has been reported to show a high degree of variation, suggesting that 3 long-term cultivation and subcloning of cells result in karyotypic drift (A.A. 4 Stepanenko and Dmitrenko, 2015). Such abnormalities and genomic instability 5 is, however, characteristic for immortalized cells and have also been reported for 6 CHO cells (A.A. ) (Väremo et al., 2014) (Vcelar et  7 al., 2018) (Wurm, 2013 ). 8 9 Several HEK293 cell lines have been established from the parental HEK293 line-10
age. Strategies to improve recombinant protein expression include the genera- 11 tion of transformed HEK293 cells constitutively expressing the temperature sen-12 sitive allele of the large T antigen of Simian virus 40 (293T), (DuBridge et al., 13 1987) or the Epstein-Barr virus nuclear antigen EBNA1 (293E) (Murphy et al., 14 1992 ) (Swirski et al., 1992) . Cell lines expressing these viral elements, enable epi- 15 somal replication of plasmids containing the SV40 origin of replication (293T) or 16 EBV oriP (293E). One 293E cell line is host for the production of dulaglutide 17 (TRULICITY ® ) (Lalonde and Durocher, 2017) . In addition, several HEK293 cell 18 lines have been adapted to suspension growth in serum-free medium at high cell 19 density (Graham, 1987 ) (Garnier et al., 1994 ) (Côté et al., 1998) , enabling large- 20 scale cultivation and bioproduction in bioreactors. Two industrially relevant 21 suspension cell lines are 293-F and 293-H (Gibco, Thermo Fisher Scientific). The 22
293-F clone was initially isolated by limiting dilution of HEK293 where a clone 23 with fast growth and high transfectivity was obtained, which was later recloned 24 and subjected to suspension growth adaptation in serum-free medium ( Figure  25  1A) . Interestingly, the 293-H cell line is a suspension growth adapted clone orig-26 inally derived from a more adherent HEK293 cell clone. The final 293-H clone 27 has high adherence during plaque assays, fast growth, high transfectivity and 28 productivity ( Figure 1A) . The 293-F cell line is today used for the production of 29 the regulatory approved rhFVIII (NUWIQ ® ), whereas 293-H cells are used for 30 production of rFVIIIFc (ELOCTATE ® ) and rFIXFc (ALPROLIX ® )(Dumont et al., 31 2016) (Lalonde and Durocher, 2017) . Furthermore, the Freestyle 293-F cell line 32 has been generated by adaptation of 293-F cells to Freestyle medium (Gibco, 33 Thermo Fisher Scientific). Even though each of the above-mentioned cell lines 34 are all derived from the same original HEK293 strain, significant genomic and 35 transcriptomic changes between parental and progenitor cell lines can be ex- 36 pected due to the genomic instability of HEK293 as discussed above. 37 38 Despite extensive usage of CHO and HEK in both suspension and adherent mode 39 and several empirical protocols for adaptation in either direction, molecular 40 knowledge of the key genes involved in the transition between the two growth 41 states is limited. While adherent cells have traditionally been widely used for the 42 production of viruses, e.g. AAV and lenti virus for clinical research, suspension 43 cells are the platform of choice for the bioproduction of therapeutic proteins. The  1  main advantages of suspension cell bioproduction schemes are growth at very  2  high cell densities in serum-free medium at scale, enabling higher volumetric  3 yields. Easy adaptation between cellular growth in adherent to suspension mode 4 has traditionally been a key feature when selecting strains for bioprocess appli-5
cations, including usage of CHO and HEK293. Whereas certain experimental 6 steps are more efficient in adherent mode, e.g. chemical transfection and viral 7 infection, the ability to increase the volumetric cell density by growth in suspen-8 sion without cell clump formation that results in oxygen limitations is a key step 9 from a manufacturing perspective. 10 11 Here, we present a genomic and transcriptomic analysis of the HEK293 parental 12 cell line along with five widely used HEK293 derivatives ( Figure 1A ). An overall 13
analysis of the differences in genomic landscape and transcriptomic profiles was 14 performed in order to provide novel molecular insights into the differences be- 15 tween cell lines that have occurred during the process of clonal isolation and ex-16
pansion. Furthermore, we focus on transcriptomic differences between adherent 17
and suspension HEK293 cells and the impact of the differentially expressed 18 genes on metabolic pathways and the phenotype of the cells from a bioprocess 19 perspective. 20 21 
Results

23
Overall genomic and transcriptomic profiles emphasize clonal divergence 24 between all the progeny cell lines compared to the parental HEK293 cell 25 line 26
In this study, six industrially relevant HEK293 cell lines ( Figure 1A) were sub-27 jected to omics profiling. This set of cell lines includes the parental HEK293 as 28 well as five additional cell lines that have all been clonally derived from parental 29 HEK293 cells. The cell lines can be divided into either adherent (HEK293, 293E 30 and 293T) or suspension (293-H, 293-F and Freestyle 293-F) cells. The genomes 31 and the transcriptomes of these six cell lines were sequenced using Illumina HiS-32 eq. Table S1 provides full results of transcript levels (TPM) for all cell lines. 33 Comparisons of the genomes and transcription profiles between the cell lines 34
show overall similar results (Figure 1B and 1C was the most distant from all other cell lines. As expected, the two 293-F lineages 39
(293-F and Freestyle 293-F) showed very similar profiles. The same pattern of 40 gene expression clustering was visualized by principal component analysis (Fig-41 ure 1D), where the suspension cell-lines grouped together in the plot, with a 42 very close clustering of 293 -F and Freestyle 293-F cells. On the other hand, the  1  adherent cell-lines HEK293E and HEK293T showed larger variations in gene ex-2  pression patterns between cell lines. The parental cell line HEK293 showed a no-3  table difference in transcriptome profile compared to all the other cell lines  4 along the first principal component (PC1). These results indicate a genomic di-5
vergence of the clonal lineages compared to the parental HEK293 and suggest 6 the presence of similar transcriptomic traits between HEK293 progeny cell lines 7
individually selected for during the isolation of each clone. Hierarchial clustering 8
of the cell lines based on SNPs gave a similar trend with high similarity between 9
293-F and Freestyle 293-F cell lines, whereas the parental HEK293 cell line had 10 lower similarities to the progeny the cell lines ( Figure S1A) . However, a different 11 pattern of overall clustering was observed, with the original HEK293 and 293E 12 cell lines separated from the rest on a separate branch and the lowest similarity 13 scores observed for the 293E cell line compared to the rest. 14 15 The HEK293 cell line was originally immortalized by the random integration of 16 viral genomic DNA of adenovirus 5 (Graham et al., 1977) , which includes the E1A 17 and E1B genes. In this study, overall high mRNA levels of E1A and E1B were ob-18 served in all HEK293 cell lines ( Figure 1E) , with significantly (p<0.05) higher 19 expression levels of E1A in HEK293, 293E and 293-H cell lines over the other cell 20 lines, whereas 293F had a significantly (p<0.05) higher E1B expression com-21 pared to 293H and Freestyle 293-F ( Figure S1B) . No other significant differ-22 ences were observed for E1B. Furthermore, the 293T and 293E cell lines were 23 originally generated by the transfection and stable integration of plasmids ex-24
pressing the SV40 Large T antigen and EBNA-1, respectively. As expected, the 25 gene expression of Large T and EBNA-1 was detected in 293T and 293E, respec-26 tively ( Figure 1E) . Interestingly, expression of the Large T antigen was also ob-27 served in 293E, which is not reported by the supplier (ATCC). The presence of a 28 truncated version of Large T in the 293E genome was confirmed by de novo as-29
sembly of all reads not mapping to the human reference genome (Figure S1). 30 Tracing the origin of the 293E cell line (Swirski et al., 1992) , the Large T expres-31 sion of 293E may be derived from the pRSVneo plasmid that was used to co-32 transfect HEK293 cells along with the pCMV-EBNA plasmid for the generation of 33 the stable EBNA-1 expressing clone (293c18) by G418 selection. The pRSVneo 34 plasmid contains a truncated version of the Large T gene (according to the 35 AddGene vector Database), which aligns perfectly with the truncated Large T se-36 quence found in the 293E genome ( Figure S1C ). 37 38 Copy number variation between the parental HEK293 cell line and its de-39
rivatives confirmed the genomic instability of the HEK293 strain and iden-40
tified loci with conserved copy number gain/loss between progeny cell 41 lines 42
In order to evaluate the genomic variation between HEK293 and its derivatives 1 further, overall genomic copy number variation of all progeny cell lines com-2 pared to the parental HEK293 was performed. A comparison of gained and lost 3 regions on all chromosomes between all cell lines can be found in Figure 2 and 4  Table S2 . Interestingly, a conserved pattern of copy number gain or loss of large 5
regions has occurred on several chromosomes of all HEK293 progeny cells com-6 pared to HEK293, whereas other changes are more local or cell line specific. For 7 instance, on chromosome 13, a region of >15 Mb (Figure 2 ) has been amplified 8 significantly in all cell lines compared to the parental HEK293 strain. All ele-9 ments with copy number gain of >1 log2 fold-change common to all progenitor 10 cells are located in this region ( Table S2 ). Amongst these, four out of seven pro-11
tein-coding genes (BORA, MZT1, PIBF1 and KLHL1) belong to the cytoskeleton 12 gene set (GO:0005856). On chromosome 18, there is a conserved pattern of copy 13 number loss of most of the chromosome sequence for all progeny cell lines com-14 pared to the parental HEK293 strain, with the exception of a high degree of copy 15 number gain of a region close to the centromere for all cell lines except 293E. 16 Within the region of conserved gain, several genes encoding cell adhesion mole-17
cules within the desmocollin (DSC) and desmoglein (DSG) subfamilies, belonging 18 to the cell-cell adhesion gene set (GO: 0098609), are located. When analyzing 19 more local copy number variations between progeny cell lines and the parental 20 strain, some interesting loss or gain of full or partial elements compared to the 21 parental HEK293 was identified. For instance, copy number loss was observed 22 for the fumarate hydratase (FH) gene, which has previously been reported to 23 have lost several gene copies in HEK293 and hence been hypothesized to play a FH gene compared to HEK293. Interestingly, the resulting FH expression levels 32 of the cell lines only partly correlated with the gene copy number changes ( Fig-33 ure 2 and Figure S2A ). Even though the gene copy number of the parental 34
HEK293 strain is the same as for 293T and 293-H lineages, the FH mRNA levels 35
of HEK293 was as low as the expression levels of the lineages with only half 36 number of FH gene copies. Moreover, the expression levels of KMO was compa-37
rably low in all cell lines but did not correlate with gene copy number. Besides 38
the changes in gene copy number of the FH loci, a loci around the transducin-like 39 enhancer protein 4 (TLE4) gene, encoding a transcriptional co-repressor of Wnt 40 signaling pathway members, and the non-coding RNA LINC01507 was found to 41 have a log2-fold copy number gain of >1.5 in all progeny cell lines except for 42 293E (Figure 2) . This gain in the TLE4 loci was accordingly reflected in the tran-43 scription level of the gene with a higher level of expression in 293T, 293-H, 293-F 1 and Freestyle 293-F compared to 293E and HEK293 ( Figure S2A ). In addition, a 2 major loss of copy number of the ADAM3A pseudogene was observed for all cell 3 lines accept 293-H with a maintained low or no expression of the psuedogene 4 observed in the cell lines (Figure 2 and Figure S2AB ). 5 6 Due to the observed pattern of common genomic changes to progeny cell lines 7 compared to the parental HEK293, an evaluation of common SNPs amongst all 8 progeny cell lines but not HEK293 was performed. GO enrichment analysis of 9 common genes with high or moderate impact SNPs different in all progeny cell 10 lines compared to the original HEK293 ( pared to HEK293 found amongst both these GO-terms were protocadherins 17 (PCDH12, PCDHB10, PCDHB13, PCDHB15, PCDHB16 PCDHGA2, PCDHGA3 and 18 PCDHGB2). In addition, the Teneurin-2 gene (TENM2) (within GO:0098742) also 19 had an altered SNP allele in all progeny cell lines compared to HEK293. These 20
SNPs all result in missense mutations with unknown biological impact on the 21 gene products. However, the enrichment of common SNPs within this group of 22 genes in all HEK293 progeny cell lines may suggest an impact on the protein 23 function and a selective advantage of such phenotypic changes during continu-24 ous cell line cultivation. 25 26 Differential expression between all progeny cell lines and the parental 27 HEK293 revealed consensus changes in gene expression of cellular compo-28 nent organization and integral components of the plasma membrane 29 amongst progeny cell lines 30 Based on the overall genomic and transcriptomic profiles of the different 31 HEK293 cell lines, the parental HEK293 strain stood out as different compared to 32 all other cell lines. In order to evaluate common changes between all progeny cell 33 lines and the parental HEK293, differential expression analysis was performed. 34 Results showed a significant consensus of down-regulation of genes involved in 35 extracellular matrix organization, locomotion and cell adhesion in progeny cells 36 compared to the parental HEK293 strain ( Figure 3A) . Moreover, amino acid me-37 tabolism and metabolic process of small molecules were found up-regulated in 38 all progeny cell-lines. Along with changes in extracellular matrix genes, there is 39 also a consensus amongst progeny cell lines compared to HEK293 of differential 40 expression of genes involved in other types of cellular component organization 41 such as cell morphogenesis, cytoskeleton organization, membrane organization 42 and cell junction organization. A comparison between gene expression fold 43 changes and copy number variation of the differentially expressed genes (log2-1 fold change >+/-1) for each progeny cell line compared to HEK293 showed a 2 trend of enrichment of gained gene copies amongst genes with up-regulated 3 mRNA levels ( Figure S2B ). However, there was not a clear trend of loss in gene 4 copy number amongst transcriptionally down-regulated genes for all cell lines. 5 6 For further evaluation of the transcriptomic similarities and changes between 7
HEK293 cell lines, pairwise differential expression comparisons between all cell 8 lines were performed. As expected, the parental cell line had the highest number 9
of differentially expressed genes when compared to all other cell lines ( Figure  10 3B and Table S4 ). In addition, when looking at differentially expressed genes 11
unique to certain comparisons, the largest group of genes were found common to 12 all pairwise comparisons between HEK293 and each of the progeny cell lines 13
(green bar in Figure 3B ), again emphasizing a relatively high degree of common 14
transcriptomic changes amongst progeny cell lines differentiated from the pa-15 rental HEK293. As the progeny cell lines had an enrichment of differentially ex-16
pressed genes associated with cellular component organization compared to 17 HEK293, we sought to evaluate to what cellular compartments the 329 genes 18 common to all pairwise comparisons between HEK293 and progeny cell lines lo-19
calize. In line with the overall differential expression evaluation (Figure 3A) , 20 which emphasized changes in for instance cell adhesion and extracellular matrix 21 organization, there was a significant (padj <0.05) enrichment of genes relating to 22 the integral compartment of plasma membrane (GO:0005887) amongst the 23 common differentially expressed (DE) genes unique to the comparisons between 24
HEK293 and all progeny cell lines ( Figure 3C ). 25 26 Differential expression between suspension and adherent HEK293 cell 27 lines identified key changes related to cholesterol metabolism 28
The growth morphology of bioproduction cell lines is of great importance for cul-29 ture maintenance and efficiency of industrial bioprocessing. In order to look into 30 gene expression variations correlating with adherent and suspension HEK 293 31 cell lines, differential expression analysis between adherent and suspension 32 HEK293 progeny cell lines was performed. As results from the overall compari-33 son of transcriptomic profiles of the HEK293 cell lines showed that the parental 34 HEK293 cell line is highly differentiated from all of the progeny cell lines and 35 moreover, that the Freestyle 293-F cell line is very similar to the 293-F cell line, 36
HEK293 and Freestyle 293-F were excluded from this analysis, so as not to skew 37 the data. Enrichment analysis of the differentially expressed genes between ad-38 herent (293T and 293E) and suspension (293-H and 293-F) progeny cell lines 39 showed significant expression differences of similar gene sets as in the compari-40 son between progeny cell lines and the parental HEK293 ( Figure 3A and 4A, 41 Table S5 ). For instance, the suspension progeny cell lines had a significant up-42 regulation of gene sets involved in cellular compartment organization such as 43 cell morphogenesis, cell junction organization, cell membrane organization and 1 cytoskeleton organization. Interestingly, there is no significant change in the ex-2 pression of the extracellular matrix organization gene set between suspension 3
and adherent HEK293 progeny cell lines. Perhaps as expected, there was signifi-4 cant differential expression observed for the cell adhesion, cell differentiation, 5
cell morphogenesis and cell motility gene sets. Interestingly, all of the above-6 mentioned gene categories, including cell adhesion, were up-regulated in sus-7 pension HEK293 cells as compared to adherent. When looking at the most signif-8
icantly differentially expressed genes (adjusted p-value <0.01) amongst the cell 9 adhesion gene set, many genes of the cadherin superfamily of cell adhesion mol-10 ecules were found up-regulated in suspension cell lines compared to adherent 11 HEK293 progeny cells ( Table S6) . 12 13 In order to evaluate what metabolic impact the differentially expressed genes 14 may have on cells in suspension compared to the adherent state, a generic hu-15 man metabolic model, HMR2 (Mardinoglu et al., 2014) , was used to generate a 16 set of metabolic genes and their assigned pathways to find metabolic pathways 17
with altered expression between adherent and suspension HEK293 progeny cell 18
lines. As shown in Figure 4B , pathways related to aromatic amino acids and oxi-19
dative phosphorylation were significantly down-regulated in suspension cells 20 compared to adherent and had amongst the highest number of differentially ex-21 pressed genes. In addition, pathways related to retinol, linoleate and nucleotide 22 metabolism were also significantly down-regulated in suspension cell-lines. On 23 the other hand, biosynthesis and metabolism of cholesterol were found to be 24 most significantly up-regulated amongst metabolic pathways in suspension 25 compared to adherent cells. In addition, pathways related to protein modifica-26 tion and fatty acid metabolism (omega-3/6 fatty acid metabolism, fatty acid de-27 saturation, fatty acid biosynthesis and fatty acid elongation) were also up-28 regulated in suspension compared to adherent HEK293 progeny cell lines. All 29 results from the metabolic gene set analysis are provided in Table S7 . 30 31 Focusing on the pairwise comparisons between HEK293 cell lines, 38 differen-32 tially expressed genes were identified common to all adherent to suspension 33 pairwise comparisons (red column in Figure 3B , Figure 5A , Table S4 ). Looking 34 into potential underlying genomic alterations of these genes, no high impact or 35 moderate single nucleotide polymorphism (SNP) was detected in any of cell lines 36 that could explain the differential expression (data not shown). Three of the 37 genes (ARRDC3, HMGCS1 and PCYOX1L) had the same directional gene copy 38 number variation (gain or loss) compared to gene expression fold-changes (up 39 or down) of all suspension compared to adherent cells, which may at least partly 40 explain the differential expression of these genes between the groups. Gene en-41 richment analysis of this set of 38 differentially expressed genes between adher-42 ent and suspension cells, performed using Enrichr (Kuleshov et al., 2016)(Chen 43 et al., 2013), predicted the cholesterol biosynthetic process pathway as the cellu-1 lar pathway most affected by this expression variation (Figure 5B) . This result 2 further emphasizes the differential expression between adherent and suspension 3 cells of genes involved in the cholesterol pathway, mentioned above. Among the 4 38 common differentially expressed genes MSMO1, IDI1, NPC1L1, INSIG1 and 5
HMGCS1 are directly related to cholesterol biosynthesis (GO:0006695 and/or 6 GO:0008203, Figure 5B) . Each of these genes had at least a two-fold increase in 7 expression in the suspension cells compared with the adherent cell-lines. Based 8 on these findings, we sought to predict the effect of the differentially expressed 9
genes between adherent and suspension HEK293 cell lines on the cholesterol 10 biosynthesis of the cells using Ingenuity pathway analysis (IPA). Although the 11 MSMO1, IDI1 and HMGCS1 genes were all up-regulated in 293-F and 293-H com-12 pared to HEK293, the down-regulation of the lathosterol oxidase gene (SC5D), 13 which gene product is in downstream steps of the pathway, resulted in a predict-14 ed reduction in cholesterol production in 293-F and 293-H cells compared to 15 HEK293 ( Figure S3) . Comparisons between suspension cell lines (293-F and 16
293-H) and adherent progeny cell lines (293E and 293T) did not result in any 17 predicted changes in cholesterol biosynthesis (data not shown). 18 19 As four out of the 38 differentially expressed genes (LOX, SMAD7, ID1 & TXNIP) 20 have previously been shown to have a role in the epithelial to mesenchymal 21 transition (EMT) pathway (Zhao et al., 2015) , we sought to evaluate the role of 22 this pathway in the transition from adherent to suspension cell growth of these 23 HEK293 cell lines. The normalized expression of a set of EMT markers showed 24 that the parental HEK293 actually had the highest level of expression of various 25 mesenchymal markers (N-cadherin, vimentin and fibronectin) of all the six cell 26 lines ( Figure S4A) . Moreover, when predicting EMT pathway outcomes for sus-27 pension cells (293F and 293H) compared to the parental HEK293 strain using 28
Ingenuity pathway analysis (IPA), the results predicted reduced EMT in the sus-29 pension progeny cells compared to HEK293 (Figure S4B ). However, suspension 30 cells were predicted to have increased disruption of adherence junctions, which 31
is consistent with the suspension cell phenotype. Taken together the comparison 32 between adherent and suspension HEK293 progeny cell lines suggest that the 33 transition between adherent to suspension cell growth is not equivalent to the 34 epithelial to mesenchymal transition even though several EMT-associated genes 35 may be key to the difference between cell lines. Instead key changes were found 36 associated with cholesterol biosynthesis and fatty acid metabolism. 37 38
Extended validation of the 38 consistently differentially expressed genes 39 between adherent and suspension HEK293 cell lines in a set of 63 human 40 cell lines identified five key genes potentially associated with differences 41 between adherent and suspension phenotypes 42
For identification of key genes involved in the transition from adherent to sus-1 pension morphology, expression data from an additional set of 63 different hu-2 man cell lines deposited in the Human Protein Atlas database (Uhlen et al., 2017) 3 were analyzed. Principal component analysis of these cell lines resulted in clus-4
tering of suspension cell lines in a distinct group separated from adherent cell 5 lines ( Figure 6A) . However, since most of the suspension cell lines are of lym-6 phoid or myeloid origin this clustering may be a result of a similar origin of sus-7 pension cell lines. Transcription data of the 38 previously identified differentially 8
expressed genes from 47 adherent and 16 suspension cell lines (Table S8 ) was 9 compared between the two groups using a Mann-Whitney U-test. Within this set, 10 nine genes (LOX, ID1, ADAMTS1, ZIC1, KCNMA1, DHRS3, RARG, COL4A6 and 11 ARRDC4) had significant different expression levels between adherent and sus-12 pension cell lines with p-values <0.01 (Figure 6B and 6C) . Four of these genes 13
(ADAMTS1, KCNMA1, COL4A6 and ARRDC4) had the opposite directional change 14
in the extended data set compared to the differential expression between only 15
HEK293 strains. Based on these findings, the remaining five genes (LOX, ID1, 16
ZIC1, DHRS3 and RARG), which showed a consistent down-regulation in suspen-17 sion cell lines compared to adherent cells, may play important roles in the mor-18
phological differences between the adherent and suspension cell lines. 19 20
Methods 21 22
Cell cultivation for DNA and RNA preparation 23
The adherent cell lines HEK293 (ATCC-CRL-1573), HEK293T (ATCC-CRL-3216) 24 and were determined with a NanoDrop ND-1000 spectrophotometer and RNA quali-4
ty was assessed on a 2100 Bioanalyzer (Agilent Technologies) using RNA 6000 5
Nano chips (Agilent Technologies). All samples had an RNA integrity number of 6 at least 9.9. RNA sequencing was performed at GATC (Konstanz, Germany) using 7
the Inview Transcriptome Advance service and an Illumina HiSeq instrument. 8 9
DNA-sequencing analysis 10 Genome sequencing reads were aligned to the reference (human_g1k_v37.fasta) 11
using bwa (0. distances. Significant testing of differential mRNA expression of E1A/B elements 39
was done by Welsh two sample t-test. For differential expression analysis, raw 40 count data from Kallisto was imported using the tximport package (Soneson et  41 al., 2015) and analyzed with DESeq2 (Love et al., 2014). In the differential ex-42 pression analysis, all suspension cell-lines were compared to all adherent cell-43 lines, and additionally, all pairwise combinations between suspension and ad-1 herent cell-lines were evaluated. The expression comparison of the viral ele-2 ments was based on normalized counts from DESeq2. For evaluating differential 3 expression of 38 common differentially expressed genes between adherent and 4 suspension HEK293 cell lines in a set of 63 human cell lines, RNA-seq data from 5 each cell line deposited in the HPA database was used. Based on the growth 6 characteristics, cells were divided into two groups of adherent and suspension 7 cells. A Mann-Whitney U-test was used to compare normalized counts based on 8 library size between the two groups for each of the 38 differentially expressed 9
genes. 10 11
Gene Set analysis 12 To discover significant alterations of gene sets and metabolic pathways between 13
HEK293 cell lines, the Piano package in R was used (Väremo et al., 2013) . The 14
adjusted p-values and fold changes from the differential expression was used in 15 combination with a gene set collection based on "goslim_generic Biological Pro-16
cess". The heatmap for the progeny cells lines vs. HEK293 was based on the con- knowledge of the HEK293 genomic and transcriptomic traits can for instance 5 pave the way for more rational cell line engineering approaches, aiming to im-6 prove bioproduction efficiency and quality of protein products. As different 7 HEK293 lineages are propagated under different conditions and the observation 8
that immortalized continuously cultured cell lines, such as HEK293, have a high 9 degree of genomic instability with frequent chromosome rearrangements (Y. C. 10 Lin on three separate branches (Figure 1B and 1C) . As expected, there was a high 20 degree of genomic and transcriptomic similarities of the Freestyle 293-F and 21
293-F cell lines (Figure 1B, 1C and 1D) . It is unclear whether these two cell lines 22 are actually the same clone or if the Freestyle 293-F cell lineage was isolated 23 through sub-cloning of 293-F. The results presented here indeed show that they 24 are highly similar both on a genomic and transcriptomic level and confirms the 25 previously reported findings that standard propagation of HEK293 cell lines 26
does not alter the genomic profile to a large extent (Y. C. Lin et al., 2014) Fur-27 thermore, based on the hierarchical clustering, the adherent progeny cell lines 28 showed a higher degree of divergence from each other compared to suspension 29 cells. This may be a result of the independent transformation and isolation of the 30 293T and 293E lineages by the stable integration of different viral genes in dif-31 ferent labs. Whereas all the six HEK293 cell lines constitutively express the E1A 32 and E1B genes (Figure 1E) , which is beneficial for the production of lenti-and 33
AAV viruses for gene therapy, the 293T and 293E cell lines also constitutively 34 express the Large T antigen and EBNA-1, respectively (Figure 1E) . Interestingly, 35 a truncated version of the Large T antigen was also found to be expressed in 36 293E cells, which has to our knowledge not been reported previously ( Figure  37 S1). The Large T antigen sequence was likely derived from the pRSVneo plasmid 38 that was co-transfected with pCMV-EBNA1 during the isolation of the 293E c18 39
clone (Swirski et al., 1992) . 40
Progeny HEK293 cell lines carry common genomic and transcriptomic 41 traits independently evolved during cell line development 42
Notably, the overall comparison of the genomic and transcriptomics profiles of 1 HEK293 cell lines suggests that the parental HEK293 strain has the highest di-2 vergence amongst the cell lines and suggests common changes independently 3 evolved in all progeny cell lines. In line with these findings, common changes in 4 gene copy number gain or loss (Figure 2) and consensus differential expression 5 alterations (Figure 3) were observed amongst all progeny cell lines when com-6 pared to HEK293. Especially, a common pattern of copy number gain and loss for 7
progeny cell lines was observed on chromosome 13 and 18 (Figure 2) . Such pat-8
terns, found across all or several lineages of HEK293 isolated independently by 9 different methods, suggests a selective advantage for altered copy numbers of 10 these loci in regard to the phenotypes of the cell lines. On chromosome 13, sev-11 eral genes associated with the cytoskeleton (BORA, MZT1, PIBF1 and KLHL1) 12 had a copy number gain in all progeny cell lines ( Table S2 ). The DACH1 gene 13 was also found amongst these genes, which has notably been shown to have an 14 effect on cytoskeleton organization and to induce a more epithelial phenotype 15 upon overexpression through the upregulation of E-cadherin(F. Zhao et al., 16 2015). In addition, BORA, MZT1 and DACH1 were found amongst the 329 genes 17
commonly differentially expressed between all adherent and suspension cell 18
lines (Table S2) . Indeed, consensus gene expression changes associated with cy- 19 toskeleton organization was observed between all progeny HEK293 cell lines 20 and HEK293 in the overall analysis of transcription profiles (Figure 3A) . Within 21 the gained region of chromosome 18 common to all progeny cell lines except 22
293E, there are several desmocollin and desmoglein genes (DSC1, DSC2, DSC3, 23 DSG1, DSG2, DSG3 and DSG4) belonging to the cell-cell adhesion gene set 24
(GO:0098609), which may render this region prone to gene copy number varia-25 tion. None of these genes were found amongst the commonly differentially ex-26 pressed genes between all progeny cell lines and HEK293 as may be expected 27 since 293E had a loss of copy number in this region (Table S4 ). However, several 28 of these genes (DSC2, DSC3 and DSG2) where found up-regulated in HEK293 29
suspension cells compared to adherent cells ( Table S5 ), suggesting that they 30 play a role in the differences between adherent and suspension cell lines. The 31
observed enrichment of cell adhesion GO-terms (GO:0007156 and GO:0098742) 32 amongst genes with common high/moderate impact SNPs unique to progeny cell 33 lines compared to HEK293 cells also supported common genomic alterations in 34 progeny cell lines involved in cell adhesion. Combined with the observed down-35 regulation of the expression of cell adhesion genes in progeny cell lines com-36 pared to HEK293 (Figure 3A) , results highlight changes in cell adhesion during 37 continuous cultivation and cell line development of HEK293 cells. 38 39 Moreover, specific genomic regions of more local gain or loss of specific genes 40 were observed, including a loss of fumarate hydratase (FH) gene copies. The loss 41 of FH copies was previously observed for HEK293 by Lin and coworkers and was 42 suggested to play an important part in the transformed phenotype of the cell line 43 (Y. C. Lin et al., 2014) . In line with this, our results showed that several of the 1 HEK293 progeny cell lines (293E, 293-F and Freestyle 293-F) was found to only 2 maintain half the number of FH gene copies compared to the original HEK293 3 (Figure S2) , supporting an advantageous loss of the FH gene in the HEK293 cell 4
lineages. Furthermore, a conserved pattern of substantial gain (>1.5 log2-fold 5 change) of the TLE4 gene and surrounding loci, including the non-coding RNA 6
LINC01507, was observed for all progeny cells except 293E (Figure S2 ). This 7 gene encodes the transducin-like enhancer protein 4, which is a transcriptional 8 co-repressor of members of the Wnt signaling pathway. Down-regulation of this 9
gene has been associated with the epithelial-to-mesenchymal transition (EMT) 10
phenotype (Wu et al., 2016) , consistent with the observation in this study that 11 the original HEK293 strain seems to have a more mesenchymal expression pro-12
file then the other cell lines (Figure S4) . Interestingly, TLE4 has previously been 13
reported to have both a tumor suppressor function and to be associated with 14 promoting tumor growth in different studies of different cancers (Shin et al. (Figure S2) . The specific gain of TLE4 19 and/or loss of ADAM3A loci and their association with tumor development, sug-20 gest important functions of these genes in the evolution of HEK293 cell lines. 21 22 Taken together, the genomic and transcriptomic profiles of HEK293 and its 23 progeny cell lines suggest common genomic and gene expression changes that 24 have independently evolved in all the progeny cell lineages compared to the orig-25
inal HEK293, likely reflected in traits providing advantages during single cell iso-26 lation procedures. Such traits could be associated with for instance fast prolifera-27 tion and maintaining evasion of normal cell senescence. Moreover, genomic and 28 transcriptomic traits associated with for instance cell adhesion, cell motility and 29 extracellular matrix organization may very well be under a selective pressure 30 during single cell cloning, potentially through altered expression of cell mem-31 brane proteins. Indeed, the parental HEK293 cell line is dividing slower and is 32 more difficult to detach by trypsinization than the other adherent cell lines. It 33
should however be noted that the assumption that there are independently 34 evolved common changes in progeny cell lines compared to HEK293, relies on 35 that the HEK293 cell line used as reference in this study (ATCC-CRL 1573) is ac-36 tually the very same cell line that has been used for the generation of each prog-37 eny cell line. If an older or newer version of HEK293 was used for subcloning of 38 either progeny cell line, then the differences we see may be due to changes that 39 occurred in this HEK293 strain only or in the process of adaptation. Due to lim-40 ited literature available on progeny cell line development, we cannot completely 41 exclude this possibility. However, we hypothesize that this cell line is, if not the 42 same, at least highly similar to the HEK293 strain used for progeny cell line de-1 velopment. 2 3
Key differences between adherent and suspension progeny HEK293 cell 4 lines include changes in cell adhesion gene expression 5
In bioproduction processes for pharmaceutical proteins, suspension cell lines 6 enable large-scale cultivation in bioreactors, which is required in order to meet 7 the demands for marketed drugs. However, the adaptation of cells from adherent 8
to suspension growth and the differential cultivation procedures between ad-9 herent and suspension cells induces phenotypic changes to the cell lines. In order 10
to develop a deeper understanding of such changes, we evaluated differences in 11 gene expression levels between adherent and suspension progeny HEK293 cells. 12 Consensus differential expression results were found related to up-regulation of 13 genes associated with cell component organization such as membrane, cytoskel-14 eton and cell junction in suspension compared to adherent cells (Figure 5A) . 15 Moreover, significant changes were associated with cell adhesion, cell motility, 16 cell morphogenesis and differentiation. Noteworthy, cell adhesion was found up-17 regulated in suspension progeny cell lines and when looking into the expression 18 of the most significant differentially expressed genes (adjusted p-value <0.01) 19 amongst the cell adhesion gene set (Table S6) , there are several cell adhesion 20 molecules (CAMs) found both up-and down-regulated in suspension cells com-21 pared to adherent. Remarkably, several members of the cadherin superfamily, 22 including many different protocadherins (PCDH), desmoglein 2 (DSG2) and 23 desmocollin 2 (DSC2) were found significantly up-regulated in suspension cells 24 compared to adherent cells. This family of genes are involved in the formation of 25 adherence junctions between cells (Bruner and Derksen, 2018). Interestingly, 26
amongst the most significant differentially expressed genes within the cell adhe-27 sion gene set, four protocadherin members showed the highest fold-change of 28 up-regulated genes in suspension cells compared to adherent (Table S6) . 29 Amongst other CAMs like integrins and Ig-superfamily cell adhesion molecules 30 (IgSF CAMs) both significantly up-and down-regulated genes were observed be-31
tween adherent and suspension cell lines. The higher expression of such cell ad-32
hesion molecules in suspension cell lines compared to adherent progeny 33 HEK293 cells may be explained by the loss of culture dish support to grow on in 34 case of suspension cells. Upon disruption of adhesion interactions with other 35 cells and extracellular matrix, a natural cellular response may be to increase or 36 maintain the expression of adhesion molecules in an attempt to restore such 37
connections. The ability of the suspension cell lines to form cell aggregates dur-38
ing suspension cultivation and the ease of the cells to attach to culture dish sur-39
faces upon cultivation without shaking, can be speculated to support these find-40
ings. Such cell adhesion molecules found up-regulated in suspension cell lines 41 may thus be appropriate cell line engineering targets for improved bioprocess 42 performance of suspension cell lines. 43 1
Metabolic changes of the cholesterol biosynthesis may provide support for 2 suspension growth in serum free medium 3 Further evaluation of the differentially expressed genes between adherent and 4 suspension HEK293 progeny cell lines, based on metabolic gene set analysis, 5
highlighted metabolic differences between the cell lines. For instance, processes 6
related to the biosynthesis of aromatic amino acids (tryptophan, phenylalanine 7
and tyrosine) were down-regulated ( Figure 4B ) in suspension cells compared to 8 adherent cells. Furthermore, other metabolic pathways with differences between 9 suspension and adherent cell lines involved cholesterol biosynthesis and metab-10 olism, omega-3 and omega-6 fatty acid biosynthesis, fatty acid biosynthesis, de-11 saturation and elongation, retinol metabolism and linoleate metabolism ( Figure  12 4B). All of these pathways are related to lipids and/or cholesterol metabolic pro-13
cesses. These metabolic changes may be a result of different growth media com-14 positions used for the cultivation of either adherent or suspension cells that may 15
imply different concentrations of for instance amino acids, glucose or serum. 16 When reducing the number of differentially expressed genes to those that con-17 sistently showed differential expression between adherent and suspension cells 18
in pairwise comparisons of all cell lines, the cholesterol and sterol biosynthesis 19 and metabolism pathway were found to be most significantly different between 20 the cell types ( Figure 5B) . As suspension cell lines are cultivated under serum 21 free conditions, the increased expression of genes associated with for instance 22 cholesterol in suspension cell lines may be a result of a lower cholesterol content 23 in the medium. However, since cholesterol is a major component of the cell 24 membrane and has an important function for membrane structure and cell sig-25
naling (Maxfield and Tabas, 2005) the differential expression of genes associated 26
with cholesterol synthesis and metabolism may also be of importance for the dif-27 ferent morphologies between adherent and suspension HEK293 cells. Indeed, 28
previous studies have shown that cholesterol plays a critical role in regulating 29
the As this gene was found to be upregulated in suspension cells compared to adher-12 ent HEK293, this would have the reverse impact on the cholesterol biosynthesis 13 pathway in suspension cells compared to the above-mentioned MSMO1, HMGCS1 14
and IDI1 genes, leading to a reduction of the cholesterol content of the cell. Nota-15
bly, a lower cholesterol biosynthesis in suspension cell lines compared to the 16 original HEK293 strain was indeed predicted using IPA (Supplementary Figure  17  7) . It should however be noted that this prediction does not take into considera-18 tion the effect of INSIG1, instead the predicted reduction in cholesterol biosyn-19 thesis in suspension cells compared to the HEK293 cell line is a result of down-20 regulation of SC5D (lathosterol oxidase). 21 22 From the transcriptomic data of these different HEK293 cell lines, differences 23 between adherent and suspension cells were found to be related to differences in 24 the metabolism of lipids in general and cholesterol specifically. This emphasizes 25 a potentially important role of cholesterol and lipid biosynthesis in the transition 26 from adherent to serum free suspension growth of HEK293 cell types. From a 27 bioprocess perspective, differences in intracellular cholesterol synthesis and me-28 tabolism are of interest with regards to the secretory capacity of a cell line since 29 cholesterol content of a cell can impact its productivity. Previous findings has 30 shown that cholesterol is essential for ER to Golgi transport within the secretory 31
pathway (Ridsdale et al., 2006) and that secreted productivity of CHO cells in-32
creases upon elevated intracellular cholesterol levels, through silencing of 33 INSIG1, possibly due to increasing the volume of the Golgi compartment (Loh et  34 al., 2017). It would therefore be of interest to gain further knowledge about the 35 cholesterol content and distribution within HEK293 cell lines and potentially 36 evaluate if this this pathway can be a target for enhanced bioproductivity with-37
out having a deleterious impact on suspension growth or cell morphology. 38 39 Transcriptomic and genomic results indicated that suspension adaptation 40 of HEK293 does not follow the epithelial to mesenchymal transition 41
Moreover, 4 of the 38 genes (ID1, SMAD7, TXNIP and LOX) that were consistently 42 differentially expressed between adherent and suspension HEK293 have previ-43 ously been annotated to play a role in epithelial to mesenchymal transition 1 (EMT) (Zhao et al., 2015) , the event where stationary epithelial cells lose their 2 cell-cell adhesion and change into motile and invasive mesenchymal cells (Yang 3 and Weinberg, 2008). However, when evaluating the expression of common 4 markers for mesenchymal and endothelial phenotypes as well as predicting the 5 outcome of the EMT pathway using ingenuity pathway analysis (IPA), the paren-6 tal HEK293 strain showed the most mesenchymal-like phenotype whereas sus-7 pension cell lines were predicted to have reduced transition from epithelial to 8 mesenchymal phenotype compared HEK293 (Figure S4) . These results, along 9
with above-mentioned details regarding copy number variation of the TLE4 and 10 DACH1 genes, indicate that the suspension adaptation of HEK293 lineages does 11 not follow the EMT pathway. However, suspension cells were predicted to have a 12
higher degree of disruption of adherence junctions compared to the parental 13 HEK293 strain (data not shown), which may be important for the suspension cell 14 phenotype. 15 16 Identification of five genes with potential key roles in differences between 17 adherent and suspension human cell lines 18 Altogether nine of the previously identified 38 genes (LOX, ID1, ADAMTS1, ZIC1,  19 KCNMA1, DHRS3, RARG, COL4A6 and ARRDC4) were shown to have significantly 20 different expression levels also in an extended validation of the genes in a set of 21 63 human cell lines from the HPA database (Uhlen et al., 2017) (Figure 6) . ever, in the case of four of the genes (ADAMTS1, KCNMA1, COL4A6 and ARRDC4) 23 the direction of expression between adherent and suspension cells was reversed 24
compared to the pairwise comparison of HEK293 cell lines only (Figure 5B) . The 25 remaining five genes (LOX, ID1, ZIC1, DHRS3 and RARG) showed a consistent ex-26 pression profile between adherent and suspension cells compared to the results 27 presented in Figure 5B , suggesting a key role of these genes in the morphologies 28 of adherent and suspension cells. ID1 belongs to the TGF-beta signaling pathway 29 and up-regulation of this gene, as found in adherent cells compared to suspen-30 sion cell lines, has been associated with the mesenchymal-to-epithelial transition 31 (ID1) (Stankic et al., 2013) . Consistently, ID1 silencing has also been shown to 32 significantly reduce adhesion of neural stem cells (Tan et al., 2012) and con- 33 versely, increased ID1 expression in epithelial cells has been related to increased 34 adhesion (Qiu et al., 2011) . In addition, lysyl oxidase (LOX), an enzyme responsi-35 ble for the covalent cross-linking between elastin and collagen in the extracellu-36 lar matrix, has been shown to be important for cell-matrix adhesion formation, 37 supporting the adherent phenotype of adherent cells but is also associated with ly lower in the HEK293 suspension cells compared to adherent (Table S5) , sug-17
gesting more efficient catalytic activity of the DHRS3 enzyme in the adherent cell 18 lines, which may lead to retinoic acid signaling in the absence of retinoic acid, 19 resulting in a more adherent phenotype in these cell lines. 20 21
Conclusions 22
Our study has outlined the genomic, transcriptomic and metabolomic variations 23 between six industrially relevant HEK293 cell lines, in an attempt to improve the 24 understanding of their respective differences in phenotype. We report a selective 25 pressure to develop certain expression profiles during the evolution and contin-26 uous cultivation, evidenced by the numerous genes and pathways detailed here. 27 The key common changes between HEK293 and its progeny cell lines involve in 28 particular cell membrane proteins and processes related to cell adhesion, motili-29 ty and the organization of various cellular components such as the cytoskeleton 30 and extracellular matrix. In addition, changes associated with differences be-31
tween adherent and suspension cell growth in particularly involve changes in 32 cell adhesion protein expression, cholesterol metabolism and a set of six key 33 genes (RARG, ID1, ZIC1, LOX and DHRS3) with potentially key roles in the differ-34 entiation between the two groups. These results could be of importance when 35 pursuing further cell line engineering or bioprocess optimization of these and 36
other human cell lines. 37 Declaration of interests 8 The authors declare no competing interests 9 10 ferences between suspension and adherent HEK293 progeny cell lines. The size 9
Author Contributions
of each node corresponds to the number of genes in each of these pathways, 10 thickness of connections between nodes corresponds to the number shared 11 genes between pathways and the colors of the nodes shows the p-value for the 12 given metabolic process. HEK293 cell lines  1  2  Table S2 . Genes with full or partial copy number gain or loss (>1/<-1 log2 fold-3 change) in HEK293 progeny cell lines compared to the parental HEK293. Related 4
to Figure 2 . 5 6 Table S3 . High and moderate impact SNPs common and unique to all progeny cell 7 lines compared to the parental HEK293. 8 9 Table S4 . Results of differential expression analysis between progeny cell lines 10 compared to HEK293 and intersects between results. Related to Figure 3 and 11 Figure 5 . 12 13 Table S5. Results of differential expression analysis between suspension and ad-14 herent progeny HEK293 cell lines. Related to Figure 4 . 15 16 Table S6. List of differentially expressed genes (padj <0.01) in suspension com-17 pared to adherent HEK293 cell line. Related to Figure 4 . 18 19 Table S7 . Full results of metabolic gene set analysis. Related to Figure 4 . 20 21 Table S8 . Becker, J., Timmermann, C., Jakobi, T., Rupp, O., Szczepanowski, R., Hackl, M., 20
Goesmann, A., Tauch, A., Borth, N., Grillari, J., Pühler, A., Noll, T., Brinkrolf, K., 21 2011. Next-generation sequencing of the CHO cell transcriptome. BMC Proc. 22 5 Suppl 
